Oligodeoxynucleotides containing phosphodiester or modified internucleoside linkages were investigated with respect to their ability to be acted on by ribonuclease H activities present in a HeLa cell nuclear extract after hybridization with complementary sequences in RNA. Oligodeoxynucleotides complementary to nucleotides 2-14 of human U1 small nuclear RNA were investigated. phonate (PC) analogues were assembled by using nucleoside methylphosphonamidites (15). Oligodeoxynucleotides containing both PO and PC internucleoside linkages were assembled by using nucleoside-f3-cyanoethylphosphoramidites and nucleoside methylphosphonamidites, and oligodeoxynucleotides containing both PC and PS linkages were synthesized from nucleoside methylphosphonamidites (15) and nucleoside H-phosphonates. Oligodeoxynucleotides containing both PO and phosphoramidate linkages were synthesized by using nucleoside-,B-cyanoethylphosphoramidites and nucleoside H-phosphonates.
Oligodeoxynucleotides complementary to viral or cellular RNAs are able to inhibit gene expression when taken up by mammalian cells (refs. 1-3 and references cited therein). For RNA targets, at least two mechanisms of inhibition can be envisioned. Oligodeoxynucleotide hybridization to complementary RNA sequences may inhibit the processing, nuclear export, or translation of mRNA by blocking the access of functional machinery to requisite mRNA sequences. Alternatively, oligodeoxynucleotide hybridization may lead to RNA cleavage by means of RNase H activities, which are DNA-RNA hybrid-dependent ribonucleases present in all cells examined (4). Evidence for both RNase H-dependent and -independent modes of action has been presented for mRNA translational inhibition by complementary oligodeoxynucleotides in cell-free systems (5) (6) (7) (8) (9) (10) (11) . Moreover, ofigodeoxynucleotides complementary to the U1 and U2 small nuclear RNAs are able to bring about endogenous RNase H-directed cleavage of these mRNA splicing cofactors in nuclear extracts (12) .
Oligodeoxynucleotides with altered internucleoside linkages have been investigated with the objective of finding modifications that permit hybridization with RNA on the one hand but that are more metabolically stable than unmodified oligodeoxynucleotides on the other (refs. 2, 3, 13, and 14 and references cited therein). Here we address the extent to which some previously reported modified oligodeoxynucleotides (13) form RNase H-sensitive targets.
MATERIALS AND METHODS
Oligodeoxynucleotide Synthesis. Oligodeoxynucleotides were synthesized on an automated instrument (model 8700, Milligen, Burlington, MA). Normal phosphodiester (PO) oligodeoxynucleotides and the analogous phosphorothioate (PS) or phosphoramidate oligodeoxynucleotides were synthesized using H-phosphonate chemistry (refs. 2 and 13 and references cited therein). Oligodeoxynucleoside methylphosphonate (PC) analogues were assembled by using nucleoside methylphosphonamidites (15) . Oligodeoxynucleotides containing both PO and PC internucleoside linkages were assembled by using nucleoside-f3-cyanoethylphosphoramidites and nucleoside methylphosphonamidites, and oligodeoxynucleotides containing both PC and PS linkages were synthesized from nucleoside methylphosphonamidites (15) and nucleoside H-phosphonates. Oligodeoxynucleotides containing both PO and phosphoramidate linkages were synthesized by using nucleoside-,B-cyanoethylphosphoramidites and nucleoside H-phosphonates.
RNase H Assays. The 13-mer oligodeoxynucleotides complementary to nucleotides 2-14 of human U1 small nuclear RNA (counting the G cap as nucleotide 0) were added at 100
Ag/ml to a HeLa cell nuclear extract (16) containing 0.5 mM ATP, 20 mM creatine phosphate, 3.2 mM MgCl2, and 1000 units of RNasin per ml and were incubated under the conditions specified. RNA was isolated from the nuclear extract by phenol/chloroform extraction and ethanol precipitation, followed by electrophoresis in a 10% polyacrylamide gel containing 8.3 M urea. The RNAs were visualized by ethidium bromide staining.
We also employed a second RNase H assay in nuclear extracts by using an exogenous 32P-labeled RNA. A 514-nucleotide test RNA (hereafter termed "514 RNA" for convenience) was generated by SP6 RNA polymerase transcription of a HindIII-linearized pGEM-2 clone, pT7HI3A6. 514 RNA is antisense to the first two exons and intron of human /-globin pre-mRNA and was chosen for the reasons given in the Results. 514 RNA labeled with [a--32P]GTP, [a-32P]CTP, and[a-32P]UTP was added to the nuclear extract containing the specified oligodeoxynucleotide at an oligomerto-514 RNA molar ratio of 3000:1 unless otherwise noted.
Abbreviations: PO, phosphodiester; PS, phosphorothioate; PC, methylphosphonate; PM, phosphoro-N-morpholidate; PB, phosphoro-N-butylamidate.
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After incubation as specified, RNA was extracted, and the 32P-labeled 514 RNA or its cleavage products were visualized by electrophoresis and autoradiography.
RESULTS
Action of RNase H on Oligodeoxynucleotide-Ul Small Nuclear RNA Hybrids. HeLa cell nuclear extracts contain RNase H activity that can act on DNARNA hybrids that form after addition of oligodeoxynucleotides complementary to certain endogenous nuclear RNAs (12) . We investigated the ability of this RNase H activity to cleave the 5'-terminal nucleotides of endogenous U1 small nuclear RNA after incubation of the various modified oligomers in the nuclear extract (Fig. 1) . As shown in lane 2 of Fig. 1 tigated the action of RNase H on hybrids formed by normal or modified oligomers at internal sites in a longer RNA.
We employed for this purpose a test RNA, which is 514 nucleotides long (termed 514 RNA). 514 RNA is antisense to the first two exons and intron of human 8-globin pre-mRNA.
Our reasoning was that, being antisense to a pre-mRNA, 514 RNA would not undergo splicing when added to nuclear extract (the cleavage-ligation steps of which would otherwise complicate analysis of oligodeoxynucleotide-directed RNase H cleavages).
A series of normal and modified 15-mer oligodeoxynucleotides complementary to nucleotides 349-363 of 514 RNA was synthesized chemically (Table 1 , oligomers A-E). This particular 514 RNA site was selected because oligomerdirected RNase H cleavage would generate two fragments of readily distinguishable lengths (150 and 348 nucleotides) and also because this 15-nucleotide sequence does not occur elsewhere in 514 RNA (20) . Melting curves in 0.16 M Na' for four of these oligodeoxynucleotides after duplex formation with the complementary (PO) oligomer revealed that the PO, PC, PS, and PM oligomer-containing duplexes had tms of 530C, 460C, 430C, and 380C, respectively (data not shown), indicating a lower duplex stability for the modified oligomers, in part confirming previous reports (21) (22) (23) (24) . Fig. 2 shows the results of incubating these oligomers with 514 RNA in HeLa nuclear extract. After 30 min of incubation without any oligomer, intact input 514 RNA was the only labeled species visualized (Fig. 2, lane 1) . After 3.5 hr of incubation without any oligomer, the 514 RNA was completely degraded by the action of ribonucleases known to be present in the extract. Incubation of 514 RNA in the extract for 30 min together with either the PO or PS oligomers resulted in precise cleavage of the substrate RNA into two fragments of the sizes expected from the location of the oligomer-complementary sequence (Fig. 2, lanes 3 and 5) . Surprisingly, in the case of the PS oligomer, these two fragments were still present, albeit in slightly degraded form, after 3.5 hr of incubation (Fig. 2, lane 6) . Incubation of 514 RNA with PM oligomer for 30 min (Fig. 2, lane 7) resulted in partial cleavage (see the figure legend for additional details). No cleavage was observed with the PB or PC oligomers under these conditions (Fig. 2, lanes 9 and 11) .
We also tested PO oligomers that were only partially complementary to 514 RNA (oligomers F, G, and H in Table   1 ). None of these oligomers, containing 4, 5, or 6 uninterrupted complementary nucleotides out of the 15 (Table 1) , elicited RNase H cleavage of 514 RNA (Fig. 3, lanes 13, 15, and 17).
Because the PS oligomer was less effective than the PO oligomer in eliciting RNase H cleavage in the U1 RNA assay (Fig. 1) , we wondered whether the more complete RNase H cleavages observed with both PO and PS oligomers in the 514 RNA assay (Fig. 2, lanes 3 and 5) might reflect the particular reaction conditions employed. We therefore investigated a range of oligomer-to-514 RNA molar ratios (0.1:1-1000:1), all below that used in Fig. 2 (3000:1) . The results are shown in Fig. 3 . It can be seen that virtually complete 514 RNA cleavage occurred with the PO oligomer at an oligomerto-RNA ratio of 100:1 (Fig. 3, lane 4) , whereas a comparable extent of 514 cleavage with the PS oligomer occurred at an oligomer-to-RNA ratio of 1000:1 (Fig. 3, lane 5) . Note also the very similar, incomplete extents of cleavage observed with the PO and PS oligomers at ratios of 10:1 and 100:1, respectively (Fig. 3, lanes 3 and 9) . The possibility that these results might reflect a preferential instability of the PS oligomer during incubation in the nuclear extracts was examined by experiments in which either the PO or the PS oligomer was preincubated in nuclear extract for 30 Table 2 shows the series of oligomers that were (Table 1) were incubated in nuclear extract with a fixed concentration of 32P-labeled 514 RNA to yield the initial oligomerto-RNA molar ratios indicated beneath each lane. All incubations were for 30 min. Lanes 1-5, PO oligomer; lanes 6-10, PS oligomer. synthesized to address this issue. These were tested for their capacity to elicit RNase H action after hybridization to 514 RNA as in the preceding experiments.
As shown in Fig. 4A , lanes 2 and 3, neither a tetramer nor a hexamer (all PO) oligodeoxynucleotide complementary to 514 RNA was able to induce RNase H cleavage in this nuclear extract system. When PO/PC-containing pentadecamers containing either two or four consecutive PO linkages were used, a low but readily detectable level of RNase H cleavage occurred (Fig. 4A, lanes 4 and 5) . In contrast, a pentadecamer containing six consecutive PO linkages elicited complete RNase H cleavage of the substrate RNA (Fig. 4A, lane 6) . Note that the six PO nucleotides in this oligomer (oligomer M in Table 2 ) are identical in sequence to the RNase H-inactive hexamer (oligomer J), from which we infer that the potency of the pentadecamer reflects its increased hybrid stability with 514 RNA owing to the additional nine complementary nucleotides (see Discussion).
We performed similar experiments with mixed PO/PC pentadecamers complementary to a different site in 514 RNA-namely, nucleotides 463-477. These experiments revealed an effect of the number of PO linkages on RNase H cleavage similar to that observed in Fig. 4A (data not shown) .
Results with additional variants of mixed PO/PC oligomers are shown in Fig. 4B . Pentadecamer PO/PC oligomers with five or six consecutive PO linkages at either the extreme 5' or 3' end were highly effective in eliciting RNase H cleavage (Fig. 4B, lanes 1 and 2) , whereas a PS/PC pentadecamer with six consecutive PS linkages at the extreme 5' end (oligomer (O in Table 2 ); 3, PC oligomer with six PS linkages at the 5' end (P in Table 2 ); 4, DNA size markers. Oligo, oligomer. P in Table 2 ) was only partially active (Fig. 4B, lane 3) . Comparison of lanes 2 and 3 in Fig. 4B confirms the previous results ( Figs. 1 and 2) showing that all-PS oligomers are less effective than all-PO oligomers in eliciting RNase H cleavage under these experimental conditions. RNase H cleavage of 514 RNA was also observed with a pentadecamer containing nine consecutive PM or PB linkages followed by six POlinked nucleotides (oligomers Q and R in Table 2 ) (data not shown).
DISCUSSION
The initial application of antisense oligodeoxynucleotides to block gene expression in cultured mammalian cells (1) subsequently led to the idea of employing oligomers with modified internucleoside linkages to increase their resistance to extracellular (plasma) or intracellular nucleases, toward the eventual use of the antisense oligodeoxynucleotide approach for sustained-dose antiviral (or other anti-gene) therapy in animals or human patients. Some of the modified internucleoside linkages employed so far, including the ones studied in the present investigation, have yielded more effective antiviral oligodeoxynucleotides than the analogous unmodified (PO) oligomers, as assayed in cultured cells (2, 13, (25) (26) (27) (28) A previous report (21) showed that a PS-modified oligomer was superior to an unmodified one with respect to being a target for RNase H, in contrast to our results in which PS oligomers were actually less sensitive RNase H targets than PO oligomers. However, this earlier investigation (21) (4) . Variations in their relative activities or prevalence among cell types may be responsible for some of the aforementioned differences in the reported data.
How short can the DNA strand base-paired with a longer RNA be to elicit RNase H cleavage? An earlier study demonstrated that a tetramer oligodeoxynucleotide was able to produce a target for RNase H (34). This experiment was done by annealing the tetraoligodeoxynucleotide with RNA in buffer. In our study we employed as a source of RNase H activity a concentrated HeLa cell nuclear extract containing -5 mg ofprotein per ml. In this system, neither a tetramer nor a hexamer antisense oligodeoxynucleotide elicited RNase H action on the test RNA (Fig. 4A) . Prompted by the highly efficient RNase H cleavage of this RNA observed with a pentadecamer (Figs. 2 and 3) , we thought of investigating the action of RNase H on 15-mer oligodeoxynucleotide-514 RNA hybrids in which the DNA strand contained PO internucleoside linkages only at a limited number (two to six) of consecutive positions.
Our results establish that as few as two or four consecutive PO linkages, in a pentadecamer containing methylphosphonate linkages at the remaining internucleoside positions, are sufficient to elicit RNase H cleavage of the hybrid's RNA strand (Fig. 4A ). This is in agreement with the results of Quartin et al. (14) , whose paper appeared after the present work was completed. These findings suggest the possibility of directing RNase H cleavage to a particular RNA site. This restriction endonuclease-like RNA cleavage concept has been raised in previous studies (14, 34, 35) and can be envisioned, together with the use of RNA ligase, as a general approach for (protein enzyme-catalyzed) cutting and rejoining RNA molecules. We suggest the possibility of excising a specific number of nucleotides from a RNA followed by religation to form a distinctively mutated mRNA and corresponding protein or a precisely mutated virus.
Note Added in Proof. After this paper was submitted, RNase H cleavage of RNA hybridized to oligodeoxynucleotides containing varied backbones was reported by Furdon et al. (36) .
